Objective: The aim of this study was to evaluate the effects of water-soluble egg membrane (WSEM) on wrinkle reduction in a clinical pilot study and to elucidate specific mechanisms of action using primary human immune and dermal cell-based bioassays. Methods: To evaluate the effects of topical application of WSEM (8%) on human skin, an openlabel 8-week study was performed involving 20 healthy females between the age of 45 years and 65 years. High-resolution photography and digital analysis were used to evaluate the wrinkle depth in the facial skin areas beside the eye (crow's feet). WSEM was tested for total antioxidant capacity and effects on the formation of reactive oxygen species by human polymorphonuclear cells. Human keratinocytes (HaCaT cells) were used for quantitative polymerase chain reaction analysis of the antioxidant response element genes Nqo1, Gclm, Gclc, and Hmox1. Evaluation of effects on human primary dermal fibroblasts in vitro included cellular viability and production of the matrix components collagen and elastin. Results: Topical use of a WSEM-containing facial cream for 8 weeks resulted in a significant reduction of wrinkle depth (P<0.05). WSEM contained antioxidants and reduced the formation of reactive oxygen species by inflammatory cells in vitro. Despite lack of a quantifiable effect on Nrf2, WSEM induced the gene expression of downstream Nqo1, Gclm, Gclc, and Hmox1 in human keratinocytes. Human dermal fibroblasts treated with WSEM produced more collagen and elastin than untreated cells or cells treated with dbcAMP control. The increase in collagen production was statistically significant (P<0.05).
Introduction
Skin is a multifunctional organ, serving important defense functions against external insults to the body, as both a physical barrier toward the external milieu and an immune defense against potentially pathogenic microbial forms. 1 The skin is subject to both intrinsic (chronological) and extrinsic (environmental) aging, resulting in a loss of functional capacity. 2 Wrinkle formation is a sign of accelerated aging of skin as an organ and is negatively affected by metabolic dysfunction and loss of glycemic control, 3 as well as increased blood lipids. Age-related wrinkling in the skin is promoted UV radiation speeds up the natural aging process, in part by inducing free radical production in the skin, 5 and it is the primary cause of accelerated wrinkling. This is in part due to a breakdown of the skin's connective tissue, including collagen and elastin fibers in the deeper layer of the dermis.
Glycosaminoglycans (GAGs) are produced by the body to maintain structural integrity in tissues. Hyaluronic acid is a type of GAG that serves as a natural moisturizer and lubricant between epidermal cells to inhibit the production of matrix metalloproteinases and also promotes collagen synthesis, tissue repair, and hydration. Topical application of GAGs onto skin can help to provide temporary restoration of enzyme balance to slow or prevent matrix breakdown and thereby delay the onset of wrinkle formation.
In addition to the physical barrier function of the skin, the three-dimensional (3D) skin tissue is also an important barrier for invading pathogens. The skin is a highly active immune tissue, 6 where cells in the skin itself as well as in the microcirculation are active parts of that defense. 7 Although mammalian skin is a dynamic tissue with the blood and lymphatic circulations providing nutrients and removing waste products, avian eggs are a closed system, where many protective functions are provided by the egg membrane (EM). The natural biological role of avian EM is to act as a scaffold for the formation of the eggshell during development, as well as to provide antimicrobial protection for the growing avian embryo. 8, 9 EM is being investigated as a biological matrix for regeneration in wounds, 10, 11 nerves, 12 and joint cartilage. EM displays properties including moisture retention and biodegradability and has shown promise for microencapsulation for nutrient delivery. 13 Proteoglycans in EM have been successfully used in treatments of nonhealing wounds and burns due to the biocompatibility, biodegradability, and similarity to macromolecules found in the human body.
14,15 Consumption of EM as a nutritional supplement has been associated with significant improvement of physical functioning and range or motion in a population with chronic jointrelated pain. 16 Of specific interest for the research reported in this article, an earlier study showed that the application of an extract of soluble EM peptides diminished UV-B radiationinduced wrinkle formation in a model of hairless mice, linked to a dose-dependent inhibition of collagenase and also linked to an increase in synthesis of collagen and hyaluronic acid. 17 The aim of this study was to evaluate the effects of soluble EM peptides when applied topically on human skin and to explore specific mechanisms of action pertaining to skin cell matrix deposition and free radical protection at the cellular level.
Materials and methods

Water-soluble egg membrane
The water-soluble EM (WSEM) product was manufactured by Biova LLC (Johnston, IA, USA) using a patented method combining mechanical and chemical methods of hydrolysis to produce a fine white powder. 18 For the clinical study, a facial cream was used, containing deionized water, 8% WSEM (batch #171014A), olive oil, stearic acid, cetyl palmitate, cetearyl alcohol, cetearyl olivate, and a blend of rosemary oleoresin and vitamin E acetate as natural preservatives.
Clinical study design
The evaluation of the effects of topical application of WSEM on human skin was performed using an open-label 8-week study design. The study was conducted at Laboratoire Dermscan, Villeurbanne, France, during the winter months from November 2014 to January 2015. A total of 20 healthy females were enrolled after providing the written informed consent according to the following inclusion criteria: healthy female subjects between the age of 45 years and 65 years with some wrinkles and fine lines in the facial skin beside the eyes (crow's feet). Ethical approval was deemed not necessary by Dermscan. Exclusion criteria were: pregnant, nursing, or planning to get pregnant during the study; having changed, started, or stopped her oral contraceptive or other hormonal treatment within the last 1.5 months; cutaneous pathology on the studied zone (eg, eczema); use of topical or systemic treatment during the previous weeks liable to interfere with the assessment of the efficacy/cutaneous acceptability of the studied product; known allergy to cosmetic or dermopharmaceutical products; excessive exposure to sunlight or UV rays within the previous month; use of antiwrinkles and/or firming products during the last month; previous collagen treatment, face lift, or injections of hyaluronic acid; and having had surgery under general anesthesia within the previous month.
For each subject, the skin area beside the eye was evaluated for wrinkles at baseline, and at 4 weeks and 8 weeks.
The imaging was performed directly in vivo, using a 3D system Phaseshift Rapid In vivo Measurement Of Skin (PRIMOS ® Lite, GFMesstechnik GmbH, Teltow, Germany). The acquisition software obtained 2D and 3D measurements and determined parameters of the cutaneous contours along 32 radiuses distributed like a star on the zone of interest. An 
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Wrinkle reduction by hydrolyzed egg membrane automatic system of repositioning allowed the precise reidentification of the zone of measurement. A projection system included a Digital Micromirror Device from Texas Instruments Inc. (Dallas, TX, USA) with 800×600 micromirrors, use of polarized optics, and a camera with 640×480 pixels, for a measuring field of 18×13 mm 2 . The acquisition time of measurement was 17 ms for one image and 68 ms for a complete 3D profile, with a vertical resolution of 1 µm and a lateral resolution of 17×17 µm. Data were based on the average of the 32 profiles from each subject's evaluation at each time point and included the following parameters ( Figure 1 ):
• Ra: The average roughness (in micrometers): defined as the ratio between the surface integrated around the mean value on the profile length. A decrease in Ra characterizes a smoothing effect. 
Total antioxidant capacity assay
Total antioxidant capacity was evaluated by the Folin-Ciocalteu assay, in which a mixture of phosphomolybdate and phosphotungstate was used for the colorimetric in vitro assay of phenolic and polyphenolic antioxidants. 19 The Folin-Ciocalteu's phenol reagent was added to serial dilutions of the test product and incubated for 5 minutes. To start the chemical reaction, sodium carbonate was added, and the reaction was allowed to continue for 30 minutes at 37°C. Kinetic measurements of the optical absorbance at 765 nm were read in a colorimetric plate reader (BioTek PowerWave, Winooski, VT, USA).
Reactive oxygen species formation
Polymorphonuclear (PMN) cells were obtained from healthy human volunteers between the age of 18 years and 65 years, after written informed consent was obtained, as approved by the Sky Lakes Medical Center Institutional Review Board (FWA2603). Isolation of PMN cells was performed as described earlier. [20] [21] [22] The PMN cells were incubated at 37°C in 5% CO 2 for 90 minutes, either untreated or treated with serial dilutions of WSEM. The PMN cells were washed twice in phosphate-buffered saline (PBS) to remove any unbound and unabsorbed compounds from the test product. The untreated vs product-treated PMN cells were subsequently loaded with a precursor dye 2′,7′ -dichlorofluorescein diacetate and incubated for 1 hour at 37°C to allow the precursor dye to be absorbed into the PMN cells. All samples, except for the negative control samples, were then exposed to 167 mM H 2 O 2 for 45 minutes to induce oxidative stress. 
Transcriptional induction of endogenous antioxidant response element antioxidant genes
Transcriptional induction of endogenous antioxidant response element (ARE) antioxidant genes was evaluated at Duke University Medical Center using HaCaT cells, a spontaneously transformed human epithelial cell line from adult skin, which maintains full epidermal differentiation capacity. 23 This human keratinocyte line retains the ability to form epithelial structures upon transplantation into mice and is a widely used in vitro model for keratinocyte differentiation and function. HaCaT cells were procured from AddexBio (San Diego, CA, USA). Levels of expression of the candidate target ARE antioxidant genes Nqo1, Gclm, Gclc, and Hmox1 were measured by realtime quantitative polymerase chain reaction (qPCR). For these measurements, 350,000 HaCaT cells were plated per well in sixwell plates. Compounds were added 18-20 hours after plating; cells were harvested for qPCR analysis 6 hours after treatment. Total RNA was isolated from cell lysates using Absolutely RNA Mini-Prep Kits (Agilent Technologies, Santa Clara, CA, USA). cDNA was generated using Oligo dT primers and SuperScript II Reverse Transcriptase (Thermo Fisher Scientific). Resulting cDNA was used for qPCR of gene transcripts using Power SYBR Green PCR Mastermix (Thermo Fisher Scientific) and primer sequences as published earlier. 24 Each biological sample was measured in triplicate on a ViiA 7 real-time PCR instrument (Thermo Fisher Scientific); fold expression was calculated after normalization to corresponding control β-actin levels with the dimethyl-sulfoxide-only control condition set to a value of 1.
Human dermal fibroblast cultures
Adult human dermal fibroblasts were obtained from Thermo Fisher Scientific, seeded into the individual wells of a 24-well plate in 0.5 mL of fibroblast growth media (Dulbecco's Modified Eagle's Medium [DMEM] supplemented with 2% fetal bovine serum [FBS], 1 ng/mL basic fibroblast growth factor, and 10 µg/mL insulin, where all reagents were obtained from Sigma-Aldrich Co., St Louis, MO, USA), and incubated overnight at 37°C in 5% CO 2 . On the following day, the medium was removed by aspiration to eliminate any nonadherent cells and replaced with 0.5 mL of fresh Fibroblast Growth Medium. The cells were grown until confluent, with a media change every 48-72 hours. Upon reaching confluency, the cells were treated for 24 hours with DMEM supplemented with 1.5% FBS to wash out any effects from the growth factors included in the normal culture media. After this 24-hour washout period, the cells were treated with WSEM at the specified concentrations dissolved in Fibroblast Growth Medium with 1.5% FBS. Transforming growth factor-β (50 ng/mL) was used as a positive control for collagen and elastin synthesis, and dibutyl cAMP (0.1 mM) was used as a positive control for inducing hyaluronic acid production. Untreated cells (negative controls) received DMEM with 1.5% FBS. The cells were incubated for 48 hours, and at the end of the incubation period, the culture supernatants were collected and either stored frozen (−75°C) or assayed immediately. Each dose of WSEM was tested in triplicate.
MTT assay
To test the effects of test products on cell proliferation, the MTT assay was used, where the tetrazolium dye MTT is reduced to insoluble purple formazan, which has a purple color. After the 48-hour incubation, the cell culture medium was removed (as mentioned earlier) and the fibroblasts were washed twice with PBS to remove any remaining test materials. After the final wash, 500 µL of DMEM supplemented with 0.5 mg/mL MTT was added to each well and the cells were incubated for 1 hour at 37°C±2°C and 5%±1% CO 2 . After the incubation, the DMEM/MTT solution was removed and the cells were washed once with PBS, after which 0.5 mL of isopropyl alcohol was added to the well to extract the purple formazan crystals. Samples were transferred to a 96-well plate and the plate was read at 540 nm, with isopropyl alcohol as a negative control. The mean absorbance value for the negative control cells was calculated and used to represent 100% cell viability. Individual absorbance values from the cell cultures treated with WSEM vs positive and negative controls were then divided by the mean value of 
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Procollagen assay
Standards of type I-C peptide were prepared ranging from 0 ng/mL to 640 ng/mL. An enzyme-linked immunosorbent assay (ELISA) microplate was prepared by the addition of 100 µL of peroxidase-labeled anti-procollagen type I-C peptide antibody per well. Then, 20 µL volume of either standard or sample (collected tissue culture media) was added to appropriate wells and allowed to incubate for 3±0.25 hours at 37°C. After the incubation, the suspension was removed by aspiration and washed three times with 400 µL of wash buffer. After the last wash, 100 µL of peroxidase substrate solution (hydrogen peroxide + tetramethylbenzidine as a chromogen) was added to each well and the plate was incubated for 15±5 minutes at room temperature. After the incubation, 100 µL of stop solution (1 N sulfuric acid) was added to each well and the plate was read using a microplate reader (Packard SpectraCount, Meriden, CT, USA) at 450 nm. To quantify the amount of type I-C peptide present, a standard curve was generated using the known concentrations of type I-C peptide. Absorbance values for the test material and untreated samples were used to estimate the amount of each substance present in each sample.
Elastin competitive ELISA
Soluble α-elastin was prepared for the assay by dissolving in 0.1 M sodium carbonate (pH 9.0) at a concentration of 1.25 µg/mL. Then, 150 µL of this solution was applied to the wells of a 96-well Maxisorp plate (Nunc, Roskilde, Denmark), and the plate was incubated overnight at 4°C. On the following day, the wells were saturated with PBS containing 0.25% bovine serum albumin (BSA) and 0.05% Tween 20. The plate was then incubated with this blocking solution for 1 hour at 37°C and then washed two times with PBS containing 0.05% Tween 20. A set of α-elastin standards was generated ranging from 0 ng/mL to 100 ng/mL. Then, 180 µL of either standard or sample was transferred to a 650 µL microcentrifuge tube. An anti-elastin antibody solution was prepared (1:500 in PBS containing 0.25% BSA and 0.05% Tween 20) , and a volume of 20 µL was added to each tube, after which the tubes were incubated overnight at 4°C±2°C. The next morning, 150 µL was transferred from each tube to the 96-well elastin ELISA plate, and the plate was incubated for 1 hour at room temperature. The plate was then washed three times with PBS containing 0.05% Tween 20, and 200 µL of peroxidase-linked secondary antibody (diluted in PBS [1:2,500] containing 0.25% BSA and 0.05% Tween 20) was added, and the plate was incubated at room temperature for 1 hour. After three washes, 200 µL of substrate solution was added. The plate was incubated for 10-30 minutes at room temperature in the dark, after which the plate was read at 460 nm using a plate reader (Packard SpectraCount).
Statistical analysis
Average, standard deviation, and standard error of the mean were calculated using Microsoft Excel. Statistical analysis of in vitro data was performed using the twotailed, dependent t-test. Statistical analysis of the changes over time for the clinical data from the open-label study was performed as "within-subject" analysis using the twotailed, paired t-test. Statistical significance was indicated if P<0.05.
Results
Clinical 8-week study on wrinkle reduction
Wrinkle reduction was seen for all three parameters: roughness, contour, and wrinkle depth (Figure 1 ). Timing to wrinkle reduction varied, and some study participants showed robust wrinkle reduction already at 4 weeks; however, this change was not statistically significant within the entire study population. The wrinkle reduction reached statistical significance at 8 weeks. An example of the imaging, based on which the Ra, Rz, and Rt were calculated, is shown as the individual baseline and day-56 data ( Figure 2 ).
Reduction of free radical stress
The WSEM contained antioxidants, which was documented in the Folin-Ciocalteu assay ( Figure 3A) . In addition to its direct antioxidant capacity, WSEM treatment of human primary PMN cells under conditions of oxidative stress resulted in reduced formation of ROS, indicating anti-inflammatory properties ( Figure 3B ). of four ARE target genes that are strongly induced by Nrf2 activation in HaCaT cells. 24 These four ARE target genes were: Nqo1; Gclm; Gclc; and Hmox1. The positive control compounds used were dimethylfumarate and the CDDO triterpenoid bardoxolone. As expected, dimethylfumarate and bardoxolone strongly induced the expression levels of Nqo1, Gclm, Gclc, and Hmox1. Interestingly, WSEM was also observed to induce strong increases in mRNA levels of Nqo1, Gclm, and Gclc, and to a lesser but significant extent mRNA levels of Hmox1 (Figure 4 ). These data suggest that WSEM contains components that could be capable of inducing ARE gene-mediated antioxidant responses. 
Antioxidant gene responses
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Wrinkle reduction by hydrolyzed egg membrane clinical pilot study. These effects on wrinkle reduction may be a combined effect of the content of elastin in WSEM, the stimulation of matrix production in dermal cells in the skin treated with WSEM, and other regulating effects on the reduction of free radical stress. The effects of WSEM on primary human dermal fibroblasts in culture may help explain mechanisms behind the restorative effects seen in the clinical study. The increase in collagen and elastin production may be a direct causative effect for the smoothing effects seen on facial wrinkles in the clinical study. This moderate increase in collagen and elastin production is interesting but warrants further work using a more direct methodology. Further testing should include visualization of newly deposited collagen and elastin in confluent cultures of dermal fibroblasts with anti-collagen and anti-elastin antibodies, as a more definitive morphometric assessment of fully assembled components of the dermal matrix in fibroblast cultures.
It has been shown that dermal fibroblasts isolated from older donors were more sensitive to oxidative stress than fibroblasts from younger donors, 27 and it seems plausible that WSEM may offer a natural method to reduce oxidative stress in skin tissue, thus contributing to a protective antiaging effect. The protection from free radical damage by WSEM included i) direct antioxidant capacity, ii) reduction of ROS formation The effects of WSEM on human dermal fibroblasts were tested in vitro, where WSEM showed a mild but significant increase in the proliferation of dermal fibroblasts ( Figure 5A ). WSEM-treated dermal fibroblasts showed a mild but insignificant increase in elastin production ( Figure 5B ) and a significant increase in collagen production ( Figure 5C ).
Discussion
Preservation of healthy skin tissue is of importance for physical protection against environmental pollution and radiation (UV and other), as well as for maintaining and supporting an optimal immune defense activity, such as protection from bacterial and viral infectious agents and maintaining a beneficial cutaneous microbiome, 25 as well as elimination of malignantly transformed cells after excessive sun exposure via recruitment of immune cells from the microcirculation. 26 The current study was conducted to evaluate whether topical application of WSEM peptides would be associated with improved skin health, as well as to address specific potential mechanisms of action pertaining to the health of skin tissue. 
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Jensen et al by inflammatory cells, as well as iii) induction of ARE genes in keratinocytes. The 80 g/L dose of WSEM used in the clinical study was higher than the 1 g/L and lower doses evoking responses in the in vitro bioassay. The epidermal penetration and absorption of active compounds in WSEM in the dermis and microcirculation are unknown. We suggest that if only a proportion of the bioactive peptides in WSEM reach the deeper layers in the dermis, as well as the microvascular circulation, then the in vitro data may indeed help predict events in the living skin during the topical use of WSEM. The protective effects of Nrf2 inducers on human skin, both at a preventive and reconstructive level, are well documented. 28, 29 Therefore, direct effects of WSEM on the redox-sensitive Nrf2-mediated transcriptional induction of four ARE target genes in human HaCaT keratinocytes point to additional mechanisms of action, whereby WSEM may support skin health and restoration, especially under conditions of oxidative stress.
Conclusion
The results reported in this study suggest that the complex peptide matrix in hydrolyzed EM holds promise in the support of skin health, especially in protection from free radicalinduced damage to the tissue. The effects were seen on three different cell types that are interconnected in the process of age-related wrinkle formation: dermal fibroblasts, dermal keratinocytes, and PMN cells from the blood circulation. Paracrine communication between these three cell types includes the formation of ROS and cytokine production including interleukin-6 30 and contributes to wrinkle formation through the upregulation of fibroblast elastases, resulting in the loss of elastic properties of the skin. 31 Further work is needed to establish the effects of WSEM in wound healing and repair, as well as immune protection in common inflammatory skin conditions, including acne. Further studies should include a placebo-controlled study for the observation of wrinkle reduction, including subjects of both sexes. In addition, the data on the reduction of oxidative stress warrant studies on preventative and restorative effects on sunburn-induced skin damage.
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